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2011-2020: an amazing decade in Astrophysics

 Gravitational waves, credit: NASA 

Extrasolar planets, 

credit: youtube 

FRBs, credit: artsource.nl 

GRMHD advances

 credit: Bacchini et al.

Imaging black holes

credit: EHT
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Radiointerferometry

ALMA (credit: ESO) 

Connected
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Radiointerferometry

ALMA (credit: ESO) 
Event Horizon Telescope array in 2017

Connected Remote  
(Very Long Baseline Interferometry)
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Very Long Baseline Interferometry
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Very Long Baseline Interferometry

EHT Resolution: ~20 µas
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Radiointerferometry and VLBI

Martin Ryle  
(1918-1984)

Nobel Prize in Physics 1974 
for the pioneering research in radio astrophysics, 


for his observations and inventions, 

in particular of the aperture synthesis technique
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VLBI and the aperture synthesis

D. Palumbo & M. Wielgus

True story from the April 11th 2017
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2009: CARMA + SMT + JCMT
Doeleman et al 2012 - compact core of M87

Proto-EHT observations of M87* in 1.3 mm
A story based on Wielgus et al. + EHTC, ApJ 2020
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Doeleman et al 2012

Proto-EHT observations of M87* in 1.3 mm
A story based on Wielgus et al. + EHTC, ApJ 2020
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Proto-EHT observations of M87* in 1.3 mm

detections in 2009

A story based on Wielgus et al. + EHTC, ApJ 2020
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2009: CARMA + SMT + JCMT
Doeleman et al 2012 - compact core of M87

2011: CARMA + SMT + JCMT/SMA/CSO
Data calibrated, not published

Proto-EHT observations of M87* in 1.3 mm
A story based on Wielgus et al. + EHTC, ApJ 2020
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2009: CARMA + SMT + JCMT
Doeleman et al 2012 - compact core of M87

2011: CARMA + SMT + JCMT/SMA/CSO
Data calibrated, not published

2012: CARMA + SMT + SMA
Akiyama et al 2015 - first closure phases

Proto-EHT observations of M87* in 1.3 mm
A story based on Wielgus et al. + EHTC, ApJ 2020
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Akiyama et al 2015

Proto-EHT observations of M87* in 1.3 mm
A story based on Wielgus et al. + EHTC, ApJ 2020
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Proto-EHT observations of M87* in 1.3 mm

detections in 2012 first closure phases

A story based on Wielgus et al. + EHTC, ApJ 2020
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Closure phases in 2017
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Figure 14. A selection of M87 closure phases (left and central columns) and log closure amplitudes (right column) as a function

of Greenwich Mean Sidereal Time (GMST) for all four observed nights from the HOPS data set. Plotted uncertainties denote

±1� ranges from thermal noise in the fully-averaged data.

show broad consistency over di↵erent days, and are con-
sistent between pipelines (Section 8.5). The majority of
notable low-amplitude outliers across days are due to
reduced e�ciency of the JCMT or the LMT on a select
number of scans (caused by, e.g., telescope pointing is-
sues or surface instability). Although the amplitudes of
these data points are low, closure information remains
stable and is una↵ected by station gain. This is shown
by comparing the erratic amplitudes on the LMT–SMT
baseline in Figure 13 (cluster of points at about 1 G�)
with the smooth trends in closure phase for the ALMA–
LMT–SMT triangle (Figure 14, top left) and in closure
amplitude for the ALMA–LMT–APEX–SMT quadran-
gle (Figure 14, top right).

The secondary peak in amplitude and the location of
the two nulls are persistent for all four days. These
signatures in the visibility amplitudes suggest that the
source is not changing dramatically over several days, is
compact with a characteristic spatial scale of . 50µas,
and exhibits similar structure over a range of baseline
position angle. Long baselines with various orientations
lie in a stable trend along the second peak, and a min-
imum in amplitude at 3.4 G� is seen on both the east-
west and north-south oriented baselines.

While the overall trend may indicate a compact and
nearly circularly symmetric structure stable in time,
a more detailed inspection of the data set suggests the
presence of a slight anisotropy, also made evident by
multiple measurements of non-zero closure phase. This
can be seen comparing the ALMA/APEX–LMT and
SMA/JCMT–LMT amplitudes in Figure 10 (bottom

left). Both baselines probe a (u, v) distance of about
3.4 G�, but they have a very di↵erent, nearly perpendic-
ular orientation (Figure 12). Flux density measured on
the north-south oriented ALMA–LMT baseline is a few
times larger than that for the east-west oriented SMA–
LMT. These properties translate to striking source fea-
tures in imaging and model fitting, presented in Pa-
per IV and Paper VI respectively.

7.3.2. Time Variability

M87 was observed on the two consecutive nights of
April 5/6 and again four nights later for the two con-
secutive nights of April 10/11. We observe clear indica-
tions of modest source evolution between the two pairs
of nights, and broad consistency within each pair. The
evolution can be seen particularly well in the behavior
of robust closure quantities.

Across the full set of closure quantities, some closure
phases formed by wide and open triangles (e.g., ALMA–
LMT–SMA, Figure 14 bottom left) show di↵erent clo-
sure phase trends between the first pair of days and the
second pair. Additionally, the east-west oriented LMT–
SMA–SMT triangle shows di↵erent closure phase trends
between the two pairs of days (Figure 14 bottom cen-
ter), but the equivalent triangle in the opposite orien-
tation, LMT–PV–SMT, shows no such trend (Figure 14
top center).

Strong night-to-night variability of closure phases is
associated with baselines probing (u, v) components
close to the first visibility amplitude null, where visibil-
ity phases are particularly sensitive to small structural
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ferent than the condition for self-noise (signal power > noise
power). We use the common VLBI case of visibility SNR >
1, but signal power < noise power.

Add section on confusion in the literature about closure

quantities (include counting problems, noise/covariance
problems)

Add material on network calibration?

Calibration and use of closure in radio interferometry.

Specific examples of closure techniques in recent work.

Lannes (1990): In the literature related to phase closure
imaging, this identity is implicitly assumed true. For ex-
ample, in the words of Thompson et al (see [E], p 357),
the number of independent phase closure relationships âĂŸis
equal toâĂŹ the number of correlator-output phases less the
number of unknown instrumental phases. When one only
refers to the trivial inclusion B, F C ker C, , one should then
say âĂŸis at most equal to.âĂŹ The number of independent
phase closure relationships can also be obtained by using a
combinational argument (see, for example, Thompson et al
in the same context). The identity B, F = kerC, was therefore
indirectly proved.

Kulkarni (1989) statement: “we resolve some of the con-
ceptual difficulties associated with the hybrid mapping pro-
cedure and suggest contrary to the established procedure that
all closure phases carry information and there are no âĂIJba-
sicâĂİ closure phases. In particular, we suggest that at low
signal levels, characteristic of infrared interferometers, it is
best to fit the model to all the closure phases and fringe am-
plitudes.”

Kulkarni: The general behavior is that all the normalized
covar- iances tend to zero in the weak-source limit, which
is not surprising. In the strong-source limit, the usual situa-
tion, pi n) and Âąi ini) are both essentially zero but 1/3. This
shows that while all triangles provide information, the effec-
tive number of bispectrum phasors is less than n t âĂŤan im-
portant conclusion of this paper.

With these results at hand we are now in a position to
tackle the question raised at the beginning of this section,
viz., âĂIJHow do we reconcile the much larger number of
bi- spectrum phasors (n t ) with the number of baselines (n
h ) or the so called âĂŸuniqueâĂŹ phases (n c )?âĂİ Our
analysis shows that in fact all the bispectrum phasors, i.e.,
all triangles do pro- vide information. The fact that n t > n h
should be of no great concern. In the limit of low 5/Ã§ the n t
bispectrum phasors provide essentially independent informa-
tion and thus using only a fraction of the bispectrum phasors
is equivalent to throwing away valuable data. In the limit of
high S/Q the situation is more complex: pairs of bispectrum
phasors that share a common side are correlated with 1/3 and
any other pair is essentially uncorrelated.

Law and Bower 2012: However, the bispectrum is sub-
ject to differentcorrelated noise properties, since it is formed

by multi-plying complex visibilities rather than summing
scalarphases. As a result, in the limit of smalls, allntrtriple-
sare independent (Kulkarni 1989) and can be coherently-
combined to improve SNR.

LB: random equations and notes below
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Things to talk about: importance for high frequency VLBI,
Bower stuff, Gisela, model fitting (Pearson), Readhead arti-
cle, history and current usage, Christiaan, many efforts. Hy-
brid mapping. Time variability; OI stuff and bispectrum.

Limitations of closure quantities; non-Gaussian and biased
(cl amp)

—————————
Generic discussion and properties of closure phases and

amplitudes
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Synthetic 2017 closure phases on a 2012 triangle

Probably we were  quite 
unlucky in 2012…

A story based on Wielgus et al. + EHTC, ApJ 2020
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2009: CARMA + SMT + JCMT
Doeleman et al 2012 - compact core of M87

2011: CARMA + SMT + JCMT/SMA/CSO
Data calibrated, not published

2012: CARMA + SMT + SMA
Akiyama et al 2015 - first closure phases

2013: CARMA + SMT + JCMT/SMA + APEX
Data calibrated, not published

Proto-EHT observations of M87* in 1.3 mm
A story based on Wielgus et al. + EHTC, ApJ 2020
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Proto-EHT observations of M87* in 1.3 mm

[...] we can use the nearest network solution for 3C273 or 3C279 for each scan to approximately calibrate the data. Here is an 
example of the resulting calibration. Red points denote baselines to the SMT, blue are all other baselines. The black line is a 
Gaussian with FWHM of 43 microarcseconds and an integrated flux density of 0.6 Jy. The size of this Gaussian is very close to 
what Doeleman (2012) and Akiyama (2015) report, although the integrated flux is smaller (they each had ~1 Jy). 
The APEX detections (>5 G\lambda) clearly require a more complicated model.

Michael D. Johnson, 2015

https://eht-wiki.haystack.mit.edu/@api/deki/files/1594/=M87_Visibility_09_07_15.pdf
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Proto-EHT observations of M87* in 1.3 mm
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example of the resulting calibration. Red points denote baselines to the SMT, blue are all other baselines. The black line is a 
Gaussian with FWHM of 43 microarcseconds and an integrated flux density of 0.6 Jy. The size of this Gaussian is very close to 
what Doeleman (2012) and Akiyama (2015) report, although the integrated flux is smaller (they each had ~1 Jy). 
The APEX detections (>5 G\lambda) clearly require a more complicated model.

Michael D. Johnson, 2015
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2009: CARMA + SMT + JCMT
Doeleman et al 2012 - compact core of M87

2011: CARMA + SMT + JCMT/SMA/CSO
Data calibrated, not published

2012: CARMA + SMT + SMA
Akiyama et al 2015 - first closure phases

2013: CARMA + SMT + JCMT/SMA + APEX
Data calibrated, not published

2015-2016: tests, uncalibrated data including non-
zero closure phases on LMT-SMT-SMA

2017: ALMA, APEX, SMA, JCMT, LMT, SMT, PV
EHT I-VI 2019 - first imaging of the M87* “shadow 
of a black hole”

Proto-EHT observations of M87* in 1.3 mm
A story based on Wielgus et al. + EHTC, ApJ 2020
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Archival detections on M87*
A story based on Wielgus et al. + EHTC, ApJ 2020

Number of baselines grows with N2
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Best-fit models of M87* in 2009-2017



Tsinghua University, 11 Jan 2021Maciek Wielgus  26

Diameter and orientation posteriors (MCMC)
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• ALMA joining as an anchor station,


• more sites / better coverage / more sanity checks,


• higher bandwidth,


• dual polarization,


• individual improvements at stations,


• algorithmic developments,


• enabling shorter wavelengths,


• ngEHT (New Generation EHT),


• space VLBI

Global VLBI improvements since 2010 and 2020+
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The power of ALMA

ALMA

- incredible site: dry, cold, high altitude 
- 66 antennas, allowing for the array reconfiguration 
- cutting edge hardware
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The power of ALMA

ALMA phased ALMA

- incredible site: dry, cold, high altitude 
- 66 antennas, allowing for the array reconfiguration 
- cutting edge hardware
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The power of ALMA

EHTC+ 2019 ApJL 875 L3
phased ALMA
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before

can only average for ~few seconds

after

can average for entire scan

EHTC+ 2019 ApJL 875 L3, Blackburn et al 2019, Janssen et al 2019 

The power of ALMA
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MORE SITES
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BANDWIDTH

2 x 480 MHz
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BANDWIDTH

2 x 480 MHz

2 x 2 GHz
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BANDWIDTH

2 x 480 MHz

2 x 2 GHz

4 x 2 GHz 
(212-216GHz, 
226-230GHz) 

all dual pol
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BANDWIDTH
Since 2018 EHT records: 

4 bands x 2 GHz x 2 bits x 2 (Nyquist) x 2 polarizations

=


64 Gbps x number of telescopes
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BANDWIDTH

2 x 480 MHz

Astro2020 Decadal Survey white papers on the future of the EHT: 
Studying black holes on horizon scales with space-VLBI, Johnson et al., arXiv:1909.01405,

Extremely long baseline interferometry with Origins Space Telescope, Pesce et al., arXiv:1909.01408,

Studying Black Holes on Horizon Scales with VLBI Ground Arrays, Blackburn, et al., arXiv:1909.01411,

Black Hole Physics on Horizon Scales, Doeleman et al., BAAS, 51, 537(2019)

ngEHT concept (2025+)
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Image fidelity and jet physics
- more detections: higher fidelity, improved dynamic range,

- more short (100-1000 km) baselines: larger field of view,

- resolution improvement, multifrequency reconstruction,

- ring / jet connection will be revealed,

- polarimetry will allow to study jet - magnetic field relationship

Credit: Andrew Chael
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Reconstruction of rapidly varying structures (Sgr A*)
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Testing gravity
Universal interferometric signatures of a black hole's photon ring, 
Johnson, M.; Lupsasca, A.; Strominger, A.; Wong, G.; Hadar, S.; 
Kapec, D.; Narayan, R.; Chael, A.; Gammie, Ch.; Galison, P.; 
Palumbo, D.; Doeleman, S.; Blackburn, L.; Wielgus, M.; Pesce, D.; 
Farah, J.; Moran, J., Science Advances (2020)

Vincent, Wielgus, Abramowicz et al., A&A in press (2021)

Gralla & Lupsasca, PRD 2020

Credit: Michael Johnson
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Testing gravity

Wielgus 2021, in prep

VERY 

FRESH
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Testing gravity and multifrequency imaging
- gravity is achromatic,

- a lot of interesting astrophysics is chromatic,

- probing resolved Faraday rotation

Credit: Zack Gelles

230GHz (1.3mm) 
First VLBI: 1989 

First VLBI image: 2017

86GHz (3.5mm) 
First VLBI: ~1980 

First VLBI image: 2000s (?)

345GHz (0.86mm) 
First VLBI: 2018 

First VLBI image: < 2030
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More targets

Credit: Neil Nagar 
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More targets

Credit: Neil Nagar 

Kim, Krichbaum, Broderick, Wielgus + 
EHTC, A&A 2020
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More targets

Credit: Neil Nagar 

Kim, Krichbaum, Broderick, Wielgus + 
EHTC, A&A 2020



Tsinghua University, 11 Jan 2021Maciek Wielgus  46

Global Millimeter VLBI Array (GMVA) 

Issaoun et al 2019, ApJ

First intrinsic image of Sgr A* (3.5 mm)
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Global high-frequency VLBI will be pushing 
through the limits of technology 

in 2020s, delivering highest resolution images 
and richest quality data on accreting super 

massive black hole systems 
we have ever seen


